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1. INTRODUCTION {#cas13482-sec-0001}
===============

Oral squamous cell carcinoma (OSCC), one of the top 10 most commonly occurring cancers worldwide, has a high mortality rate. In spite of recent improvements and advances in medicine such as surgery, radiation, and chemotherapy, the 5‐year survival rate for oral cancer patients has remained at 50% over the past 5 decades.[1](#cas13482-bib-0001){ref-type="ref"}, [2](#cas13482-bib-0002){ref-type="ref"} Several clinical applications of surgery, radiation, and chemotherapy are standard treatments for early OSCC, which result in effective tumor control. However, many severe side‐effects and/or toxicity appear in patients receiving those treatments.[3](#cas13482-bib-0003){ref-type="ref"} Therefore, an alternative therapeutic strategy has been demanded.

Recently, metformin has captured the attention of scientists because of its potential for cancer therapy, although it is primarily widely used as an effective type 2 diabetes medication.[4](#cas13482-bib-0004){ref-type="ref"} Preclinical and clinical studies have shown that metformin significantly prevents cancer incidence, slows tumor progression and improves survival rates with certain types of malignancies including breast cancer, prostate cancer, and salivary adenocarcinoma.[5](#cas13482-bib-0005){ref-type="ref"}, [6](#cas13482-bib-0006){ref-type="ref"}, [7](#cas13482-bib-0007){ref-type="ref"}, [8](#cas13482-bib-0008){ref-type="ref"}, [9](#cas13482-bib-0009){ref-type="ref"}, [10](#cas13482-bib-0010){ref-type="ref"} Among the possible underlying mechanisms of metformin, AMP‐activated protein kinase (AMPK) activation is considered one of the most important because AMPK can interact with several other signaling pathways and transcription factors, such as AKT, nuclear factor kappa B (NF‐κB), and mammalian target of rapamycin (mTOR).[11](#cas13482-bib-0011){ref-type="ref"}, [12](#cas13482-bib-0012){ref-type="ref"}, [13](#cas13482-bib-0013){ref-type="ref"} However, the precise mechanism for the multiple anticancer effects of metformin remains to be elucidated. Additionally, despite possessing many outstanding properties, limited cell penetration capacity as a result of its hydrophilic nature makes metformin unable to meet the requirements for use as an anticancer drug.[11](#cas13482-bib-0011){ref-type="ref"}

HL156A is a derivative of metformin synthesized from pyrrolidine that is capable of inducing AMPK activation. It was reported that HL156A has protective effects against peritoneal and liver fibrosis.[14](#cas13482-bib-0014){ref-type="ref"}, [15](#cas13482-bib-0015){ref-type="ref"} It was also reported that HL156A inhibited LPS‐induced inflammation of macrophages. In addition, HL156A inhibits not only smad3‐dependent signaling activated by high glucose conditions but also epithelial‐mesenchymal transition (EMT).[15](#cas13482-bib-0015){ref-type="ref"} A recent study showed that HL156A in combination with temozolomide inhibited the invasive properties of glioblastoma and increased the survival rate in a xenograft in vivo model.[16](#cas13482-bib-0016){ref-type="ref"}

In the present study, the effects of HL156A on the progression of oral cancer cells were examined. Our results suggest the potential abilities of the new metformin derivative HL156A as a candidate for a therapeutic modality for the treatment of oral cancer.

2. MATERIALS AND METHODS {#cas13482-sec-0002}
========================

2.1. Cell culture and reagents {#cas13482-sec-0003}
------------------------------

For an OSCC cell line, FaDu, YD‐10B, and AT64 cells were purchased from Korea Cell Line Bank (KCLB, Seoul, Korea). Human hypopharyngeal squamous cell carcinoma (FaDu) cells were maintained in a complete DMEM (Welgene Inc., Gyeongsanbuk‐do, Korea), containing 10% FBS, 100 units/mL penicillin and 100 μg/mL streptomycin. Human oral squamous cell carcinoma (YD‐10B) and mouse oral squamous cell carcinoma (AT84) cells were cultured in RPMI‐1640 medium containing 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. The cells were maintained at 37°C in a humidified 5% CO~2~/95% air atmosphere. HL156A is a derivative of phenyl biguanide, which is designed and synthesized by Hanall Biopharma Inc. (Seoul, Korea). The detailed procedure of HL156A synthesis and structure was described in a previous study.[15](#cas13482-bib-0015){ref-type="ref"}, [16](#cas13482-bib-0016){ref-type="ref"}

2.2. Cell proliferation assay {#cas13482-sec-0004}
-----------------------------

Cell proliferation was assessed using an MTT assay. The cells were seeded in a 96‐well plate at a density of 2 × 10^3^ cells/well. The next day, cells were treated with different concentrations of HL156A (10‐50 μmol/L) for 24 hours. After incubation, the cells were washed twice with PBS, and 500 μg/mL MTT (Sigma‐Aldrich, St Louis, MO, USA) was added to the wells. The MTT solution was removed after 4 hours of incubation at 37°C. A mixture of 0.01 mol/L glycine and DMSO (Sigma‐Aldrich) was added to each well. Absorbance was measured at 540 nm using a DTX 880 Multimode Detector (Beckman Coulter, Brea, CA, USA).

2.3. Soft agar colony formation assay {#cas13482-sec-0005}
-------------------------------------

Briefly, cells (1 × 10^4^ cells) were exposed to different concentrations of HL156A in 1 mL of 0.3% basal medium Eagle\'s agar containing 10% FBS and were plated in 60‐mm plates containing 0.6% low‐melting temperature agarose. The cells were allowed to form colonies for 14 days at 37°C in a humidified atmosphere containing 5% CO~2~. The colonies were fixed with 4% paraformaldehyde for 30 min at room temperature and were then stained with 0.04% crystal violet for 30 min at room temperature. The cell colonies were scored using an IX2‐SLP inverted microscope (Olympus, Tokyo, Japan).

2.4. Annexin V‐FITC/propidium iodide (PI) double staining and cell cycle analysis {#cas13482-sec-0006}
---------------------------------------------------------------------------------

Cell cycle distribution was analyzed using flow cytometry. Briefly, 1 × 10^6^ cells were harvested, washed in PBS and then fixed in 70% alcohol for 30 min at 4°C. After 3 washes in cold PBS, the cells were resuspended in 1 mL PBS solution containing 50 μL of 1 mg/mL PI and 1 unit DNase‐free RNase for 30 min at 37°C. The samples were then analyzed to determine the DNA content using a FACScan analyzer (Beckman Coulter Inc., Fullerton, CA, USA). For cell death analysis, Annexin V‐FITC/PI staining was carried out by incubating the cells for 15 min at room temperature (RT) in a binding buffer (10 mmol/L HEPES, 140 mmol/L NaCl, 2.5 mmol/L CaCl~2~, pH 7.4) containing saturated concentrations of Annexin V‐FITC and PI. After incubation, the cells were pelleted and analyzed in a FACScan analyzer (Beckman Coulter Inc.).

2.5. Western blot analysis {#cas13482-sec-0007}
--------------------------

Total protein from the cells was obtained using RIPA buffer (50 mmol/L Tris‐Cl (pH 7.5), 150 mmol/L NaCl, 0.5% sodium deoxycholate, 1% NP‐40, 0.1% SDS and 1 mmol/L EDTA) containing a protease inhibitor cocktail (1 μg/mL aprotinin and leupeptin). Cell lysates (30 μg) were subjected to SDS‐PAGE and then transferred to a nitrocellulose membrane (Amersham Pharmacia Biotech, Buckinghamshire, UK). The membranes were blocked with 5% skim milk for 1 hours and incubated with the primary antibodies. Antibodies against pCDK1 (sc101654), Cyclin B1 (sc245), caspase‐3 (sc7148), caspase‐9 (sc8355), caspase‐7 (sc28295), PARP‐1 (sc1561), SOD‐1 (sc11407), NOS1 (sc5302), Nrf‐2 (sc722), p70S6K (sc230), p‐p70S6K (sc8416), p‐mTOR (sc 101738), NF‐κB (sc109), p‐NF‐κB (sc101752), MMP2 (sc13594), MMP9 (sc6840) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody against AMPK (2532S), p‐AMPK (2535S), phosphorylated insulin‐like growth factor‐1 receptor (pIGF‐1R) (3024S), AKT (9272S), pAKT (4060S), ERK1/2 (9102S), p‐ERK1/2(9101S), and p‐GSK‐3α/β (8566S) and the HRP‐conjugated secondary antibody were purchased from Cell Signaling Technology (Beverly, MA, USA). After being washed twice, the membranes were incubated with the corresponding secondary antibodies for 1 hours (dilution ratio 1:5000). Protein signals were detected with a Luminescent image analyzer (LAS‐1000; Fujifilm, Tokyo, Japan).

2.6. Caspase activity assay {#cas13482-sec-0008}
---------------------------

Caspase‐3 and ‐9 activities were assessed using a caspase‐3 or ‐9 colorimetric assay kit (Abcam, Cambridge, MA, USA) according to the manufacturer\'s protocol. Briefly, the cells were collected and resuspended in lysis buffer containing 50 mmol/L HEPES, pH 7.4, 0.1% CHAPS, 1 mmol/L DTT, 0.1 mmol/L EDTA and 0.1% Triton X‐100. Following incubation for 30 min on ice, cell lysate was centrifuged at 11 000 *g* for 10 min at 4°C, and the protein concentration in the supernatants was measured using the Bradford dye method. The supernatants were incubated with reaction buffer containing 2 mmol/L Ac‐DEVD‐AFC for caspase‐3 and LEHD‐AFC for caspase‐9 (Abcam) in a caspase assay buffer at 37°C with 10 mmol/L DTT for 30 min. Caspase activity was determined by measuring the absorbance at 405 nm.

2.7. Mitochondrial membrane potential {#cas13482-sec-0009}
-------------------------------------

Mitochondrial membrane potential was analyzed by flow cytometry using a JC‐1 mitochondrial membrane potential detection kit (Biotium Inc., Hayward, CA, USA). JC‐1 exhibits potential‐dependent accumulation in mitochondria, indicated by a fluorescence emission shift from green (530 nm, FL‐1 channel) to red (590 nm, FL‐2 channel). After different treatments, oral cancer cells were incubated in JC‐1 reagent working solution (Biotium Inc.) for 15 min at 37°C, washed once with PBS and then resuspended in staining buffer and analyzed with a flow cytometer or fluorescence microscope (Olympus).

2.8. Reactive oxygen species formation detection {#cas13482-sec-0010}
------------------------------------------------

Determination of reactive oxygen species (ROS) levels was based on the oxidation of dihydroethidium (DHE). Cells were seeded to reach 70%‐80% confluency and incubated with HL156A for 3, 6, and 12 hours. Cells were then treated with DHE (10 mmol/L) for 30 min at 37°C in the dark. The cells were then washed twice and harvested in PBS. Fluorescence of DHE was detected with a fluorescence microscope (IX‐71; Olympus) at the excitation/emission wavelength 510/595 nm.

2.9. Wound‐healing motility assay {#cas13482-sec-0011}
---------------------------------

Cells were allowed to grow in a culture dish overnight and a scratch \~3 mm wide was created in the monolayer using a pipette tip. After being washed twice with PBS, the cells were treated with or without HL156A, and images were captured after 24 hours. Cells were imaged in 5 random microscopic fields per well using an Olympus IX2‐SLP inverted microscope (Olympus) at ×100 magnification.

2.10. Migration assay {#cas13482-sec-0012}
---------------------

Cell migration was determined using a modified 2‐chamber migration assay with a pore size of 8 mm. For the migration assay, cells suspended in 200 μL serum‐free medium were seeded on the upper compartment of a 12‐well Transwell culture chamber, and 600 μL complete medium was added to the lower compartment. After incubation at 37°C, migratory cells in the medium in the lower chamber were quantified by measuring the absorbance at optical density (OD) 595 nm.

2.11. In vivo mice xenograft experiments {#cas13482-sec-0013}
----------------------------------------

Mouse oral cancer AT84 cells were treated with or without 20 μmol/L HL156A for 24 hours. Cells (3 x 10^6^ cells per mouse) were injected s.c. into the left flank of 3‐week‐old male C3H mice (Samtaco Bio, Sungnam, Korea) in each group (n = 5 or 7). Bodyweight was measured every 2 days during the experiment. Three weeks later, tumor volume was measured with a caliper and calculated using the formula *V* = (*ab* ^2^)/2, where *a* was the longest diameter and *b* was the shortest diameter of the tumor. All mice were killed on day 21, and the tumors were removed, weighed, and subjected to further analysis. Formalin‐fixed paraffin‐embedded tissues from AT84 xenografted tumors were used for immunohistochemical staining of p‐IGF‐1, p‐mTOR, p‐AMPK, and PCNA expression.

2.12. Statistical analysis {#cas13482-sec-0014}
--------------------------

All experiments were carried out at least in triplicate. Results are expressed as the mean ± standard deviation (SD). Student\'s *t* test and one‐way analysis of variance (ANOVA) were used to determine the significant difference between the control and experimental groups. *P*‐values less than .05 were considered statistically significant.

3. RESULTS {#cas13482-sec-0015}
==========

3.1. HL156A suppresses oral cancer cell growth {#cas13482-sec-0016}
----------------------------------------------

To investigate the effects of HL156A on oral cancer cell proliferation, we carried out MTT assays with different concentrations (10 to 50 μmol/L) of HL156A in FaDu and YD‐10B cells. HL156A significantly decreased the growth of FaDu cells in a concentration‐dependent way (Figure [1](#cas13482-fig-0001){ref-type="fig"}A). In FaDu cells, 40 μmol/L HL156A resulted in cell growth inhibition rates of 45% at 24 hours. Similarly, cell growth inhibition in YD‐10B cells was also observed with HL156A treatment (Figure [1](#cas13482-fig-0001){ref-type="fig"}B).

![Effect of treatment with HL156A on cell proliferation of oral cancer cell lines. A,B, Cell viability was assessed after 24 hours of HL156A treatment at concentrations ranging from 10 to 50 μmol/L in the human oral cancer cell lines FaDu and YD‐10B using an MTT assay. Data are expressed as means ± SD of the results from three separate experiments (\**P* \< .05 and \*\**P* \< .01). C,D, Evaluation of colony formation of HL156A‐treated cells. Colony formation was assessed 14 days after HL156A treatment at various concentrations, and cells were stained with crystal violet at the end of the experiment. Images were taken with an inverted microscope at ×100 magnification. Colony quantification was determined by microplate area scan at optical density 550 nm](CAS-109-699-g001){#cas13482-fig-0001}

To further confirm the effect of HL156A on cell proliferation, a soft agar colony formation assay was carried out. The number of colonies observed was appreciably reduced compared with the control untreated FaDu and YD‐10B cells (Figure [1](#cas13482-fig-0001){ref-type="fig"}C). Moreover, the size of the colonies was also reduced. At 40 μmol/L, HL156A markedly decreased the clonogenicity to approximately 25% and 13% compared to the control in both cell lines, respectively (Figure [1](#cas13482-fig-0001){ref-type="fig"}D). Thus, the results showed that HL156A inhibits the colony‐forming ability of oral cancer cells.

3.2. HL156A induces G2/M cell cycle arrest and cell apoptosis {#cas13482-sec-0017}
-------------------------------------------------------------

It was hypothesized that HL156A could induce alterations in cell cycle regulation. Using flow cytometry, we analyzed the effect of HL156A on cell cycle progression. As shown in Figure [2](#cas13482-fig-0002){ref-type="fig"}A, HL156A treatment caused a reduction in the G1 phase population and an increase in the G2/M population in both FaDu and YD‐10B cells. In YD‐10B cells, the percentage of cells in G1 phase decreased from 53% to 5.2% after 60 μmol/L HL156A treatment for 24 hours. The proportion of cells in G0 phase increased from 0.39% to 24.2% over this same interval. In FaDu and YD‐10B cells, western blotting analysis showed that the levels of phospho‐CDK1 and cyclin B were decreased by HL156A in a time‐dependent way (Figure [2](#cas13482-fig-0002){ref-type="fig"}B). These results suggest that the effects of HL156A on G2/M cell cycle progression were associated with the inhibition of cell growth.

![HL156A induces cell cycle arrest at the G2/M phase. A, Cells were incubated with HL156A (40 or 60 μmol/L) for 24 hours and then subjected to flow cytometry to measure cell cycle distribution. Percentage of cells in each cell cycle phase was graphed. B, Immunoblotting of cell cycle‐related proteins in FaDu and YD‐10B cells treated with 40 μmol/L HL156A for the indicated times. Lysates of the above cells were subjected to western blotting with phospho‐CDK1 and cyclin B antibodies. β‐actin served as an internal control](CAS-109-699-g002){#cas13482-fig-0002}

To determine whether HL156A induces cell death in FaDu and YD‐10B cells, we quantified apoptosis with flow cytometry using an Annexin v‐FITC/PI double staining assay. As shown in Figure [3](#cas13482-fig-0003){ref-type="fig"}A, after 24 hours of HL156A treatment (40 or 60 μmol/L), there was a significant decrease in the number of living cells; 93.5% of the control cells were alive, whereas only 60.6% or 6.6% of the HL156A‐treated FaDu cells were alive, respectively, whereas treatment with 40 μmol/L or 60 μmol/L HL156A stimulated a noteworthy increase in the proportion of apoptotic cells (32.9% with 40 μmol/L and 85.3% with 60 μmol/L) compared to the untreated control. Similarly, a marked number of dying cells were observed in the HL156A‐treated YD‐10B cells. Consistent with this observation, pro‐caspase‐3, ‐7, ‐9, and the inactive form poly (ADP‐ribose) polymerase (PARP) were decreased in cells treated with HL156A compared with the control in a time‐dependent way (Figure [3](#cas13482-fig-0003){ref-type="fig"}B). In addition, caspase‐3 and caspase‐9 activity was progressively induced by HL156A treatment in a time‐dependent way (Figure [3](#cas13482-fig-0003){ref-type="fig"}C,D).

![HL156A induces apoptosis in FaDu and YD‐10B cells. A, Cells were incubated with HL156A (40 or 60 μmol/L) for 24 hours. Annexin V‐positive apoptotic cells were assessed by flow cytometric analysis after staining with Annexin V/propidium iodide (PI). B, Effect of HL156A on the activity of caspase‐3, ‐7, and ‐9 and poly (ADP‐ribose) polymerase (PARP). The cells were treated with HL156A, and cell lysates were subjected to western blotting using antibodies against pro‐caspase‐3, ‐7, and ‐9 and PARP. Numbers represent relative density normalized to actin. C,D, FaDu and YD‐10B cells were treated with HL156A (40 μmol/L) for the indicated times and assayed for caspase‐3 and caspase‐9 activity as described in [Materials and Methods](#cas13482-sec-0002){ref-type="sec"}](CAS-109-699-g003){#cas13482-fig-0003}

3.3. HL156A reduces mitochondrial membrane potential and promotes ROS formation {#cas13482-sec-0018}
-------------------------------------------------------------------------------

Loss of mitochondrial membrane potential can lead to the release of apoptotic‐inducing factors and caspase activators, such as cytochrome *c*.[17](#cas13482-bib-0017){ref-type="ref"} To determine the changes in mitochondrial membrane potential after exposure to HL156A, cells were assessed using a Mitochondrial Membrane Potential Assay (Biotium Inc.) with JC‐1. JC‐1 is a fluorescent cationic dye that can selectively enter into mitochondria and reversibly change color from red to green as the membrane potential decreases. Interestingly, green fluorescence was increased in HL156A‐treated cells, suggesting that HL156A led to a reduction in membrane potential (Figure [4](#cas13482-fig-0004){ref-type="fig"}A).

![Mitochondrial membrane potential and reactive oxygen species (ROS) production in cells treated with HL156A. A, FaDu and YD‐10B cells were treated with 40 μmol/L HL156A for 12 or 24 hours. Changes in mitochondrial membrane potential were monitored by loading cells with the fluorescent probe JC‐1 followed by analysis with fluorescence microscopy. Scale bar, 50 μm. B, Effect of HL156A on SOD‐1 and NRF/HO‐1 expression. FaDu and YD‐10B cells were treated with HL156A for the indicated times. Total cell lysates were immunoblotted with antibodies against SOD‐1, NRF‐2, and HO‐1. Numbers represent relative density normalized to actin. C,D, ROS were measured in FaDu and YD‐10B cells treated with HL156A (5 or 40 μmol/L) for 3, 6, and 12 hours. Cells were loaded with dihydroethidium (5 mmol/L) and viewed using fluorescence microscopy. Scale bar, 50 μm](CAS-109-699-g004){#cas13482-fig-0004}

To further explore the link between ROS formation and the antiproliferative effects of HL156A, expression of antioxidant proteins was examined. Treatment with HL156A inhibited the level of SOD‐1 in both cells in a time‐dependent way (Figure [4](#cas13482-fig-0004){ref-type="fig"}B). However, the expression of Nrf‐2 and its downstream target HO‐1 was not changed during treatment with HL156A. It has been reported that mitochondrial malfunction leads to accumulation of ROS.[18](#cas13482-bib-0018){ref-type="ref"} Intracellular ROS production was assessed with fluorescence microscopy using the oxidation‐sensitive dye DHE. Our results showed that, in FaDu and YD‐10B cells, the level of ROS was time‐ and/or dose‐dependently increased upon treatment with HL156A, suggesting that ROS play a significant role in HL156A‐mediated antiproliferation and/or apoptosis (Figure [4](#cas13482-fig-0004){ref-type="fig"}C,D).

3.4. Effects of HL156A on insulin‐ and AMPK signaling pathways {#cas13482-sec-0019}
--------------------------------------------------------------

To examine the signaling mechanisms which might regulate apoptosis generation by HL156A, we focused attention on the insulin‐like growth factor (IGF)/AKT/mTOR and AMPK pathways. Because, previous studies have revealed that metformin exerts anti‐tumor effect through the inhibition of PI3K/AKT/mTOR signaling and the activation of AMPK signaling.[12](#cas13482-bib-0012){ref-type="ref"}

To investigate the molecular mechanisms underlying the effects of HL156A on oral cancer cells, we examined the activation of insulin pathways. Phospho‐IGF‐1 levels decreased significantly after 12‐h incubation in the presence of HL156A in FaDu and YD‐10B cells (Figure [5](#cas13482-fig-0005){ref-type="fig"}A). We found that HL156A treatment inhibited AKT and ERK phosphorylation/activation and repressed phosphorylation of mTOR and p70S6K in a time‐dependent way. Our results indicate that HL156A could suppress activation and/or expression of IGF‐I, leading to repression of phosphorylation of AKT and mTOR, which subsequently repressed phosphorylation of p70S6K. HL156A also inhibits AKT/ERK1/2 signal transduction pathways that are important for cell proliferation as shown by a decrease in the expression of p‐ERK1/2 (Thr202/Tyr204) after 6 hours of treatment (Figure [5](#cas13482-fig-0005){ref-type="fig"}A). Furthermore, western blot results showed that p‐AMPK was increased in HL156A‐treated FaDu and YD‐10B cells whereas total AMPK remained unaltered (Figure [5](#cas13482-fig-0005){ref-type="fig"}B). AMPK is involved in the expression of inflammatory cytokines through NF‐κB.[19](#cas13482-bib-0019){ref-type="ref"} Therefore, we examined the expression of NF‐κB subunit p65 (NF‐κB p65) in both types of cells treated with HL156A for 6 to 24 hours. HL156A decreased the expression of phospho NF‐κB‐p65 in FaDu and YD‐10B cells in a time‐dependent way.

![HL156A regulates the insulin‐like growth factor (IGF)/AKT/mammalian target of rapamycin (mTOR) pathway and AMP‐activated protein kinase/nuclear factor kappa B (AMPK/NF‐κB) signaling in FaDu and YD‐10B cells. A, Cells were treated with HL156A (40 μmol/L) for the indicated times, and the total protein was subjected to western blotting analysis using antibodies against IGF‐1R, AKT,mTOR, p70S6K, ERK1/2, and GSK‐3. B, Expression and activation of AMPK and NF‐κB were detected with western blotting. Numbers represent relative density normalized to actin](CAS-109-699-g005){#cas13482-fig-0005}

3.5. HL156A decreases migration capacity {#cas13482-sec-0020}
----------------------------------------

Migration is one of the most important features of cancer. Therefore, to test whether HL156A modulates cell motility, we carried out a wound‐healing experiment. Restoration of FaDu and YD‐10B cells treated with 40 μmol/L HL156A slowly closed the scratch wound compared with the control cells at 24 hours or 36 hours after initiation of the scratch (Figure [6](#cas13482-fig-0006){ref-type="fig"}A).

![HL156A inhibits cell migration and MMP2 and MMP9 expression. A, Wound‐healing assay shows the closure rates of cells treated with HL156A. Images of wound‐closure rates at the indicated time‐points. B, Effect of HL156A on cell migration. Cells were treated with 40 μmol/L HL156A for 22 hours. Migration assays were carried out as described in the [Materials and Methods](#cas13482-sec-0002){ref-type="sec"} section. Graphs show the quantitative evaluation of the migration rates. The results represent the averages of three independent experiments. C, Expression of MMP2 and MMP9 in HL156A‐treated cells. FaDu and YD‐10B cells were treated with HL156A (40 μmol/L) for the indicated times and subjected to western blotting](CAS-109-699-g006){#cas13482-fig-0006}

To confirm whether HL156A inhibits cell migration, we carried out in vitro Matrigel Transwell chamber assays. When the FaDu and YD‐10B cells were treated with HL156A, cell migration was significantly inhibited. HL156A, at a concentration of 40 μmol/L, decreased the migration of FaDu and YD‐10B cells to 85% and 70% that of the control cells after 22 hours of treatment (Figure [6](#cas13482-fig-0006){ref-type="fig"}B).

Several studies have indicated that MMP signaling pathways play an important role in tumor invasion and migration.[20](#cas13482-bib-0020){ref-type="ref"}, [21](#cas13482-bib-0021){ref-type="ref"} To elucidate the mechanism by which HL156A inhibits migration in FaDu and YD‐10B cells, we monitored the expression of MMP2 and MMP9. Levels of MMP2 and MMP9 were reduced by HL156A treatment in a time‐dependent way, with 50% inhibition in 40 μmol/L HL156A‐treated FaDu and YD‐10B cells (Figure [6](#cas13482-fig-0006){ref-type="fig"}C).

3.6. HL156A suppresses tumor growth in a xenograft mouse model {#cas13482-sec-0021}
--------------------------------------------------------------

In support of the identified in vitro antiproliferative effects of HL156A, a tumor xenograft model was used to examine alterations in the pathological characteristics in vivo. C3H mice were randomized and s.c. engrafted with mouse oral cancer AT84 cells treated in vitro with or without HL156A (20 μmol/L). As shown in Figure [7](#cas13482-fig-0007){ref-type="fig"}, HL156A significantly inhibited tumor growth up to 82% relative to the control group at the end of the experiment (21 days). No systemic toxicity, including bodyweight changes, or other apparent adverse effects were observed in the animals throughout the study period (Figure [7](#cas13482-fig-0007){ref-type="fig"}A). Histological differences between the HL156A‐treated and control groups were examined using H&E staining. Tumor tissues treated with HL156A had larger areas of extensive cell changes showing nuclear pyknosis and cytoplasmic eosinophilia. In immunohistochemistry assay, tumors from the HL156A‐treated group showed decreased levels of phosphorylated IGF‐1 and mTOR compared to control. Consistent with our western blot findings, HL156A increased the expression of p‐AMPK compared with control (Figure [7](#cas13482-fig-0007){ref-type="fig"}C). The antitumoral effects of HL156A in the in vivo study were also investigated by examining the expression of PCNA, a cell proliferation marker, and by TUNEL staining to assess the number of apoptotic cells using immunohistochemistry. The number of PCNA‐positive cells was significantly decreased in HL156A‐treated tumor sections compared with tumors from control mice. The number of TUNEL‐positive cells was dramatically increased in HL156A‐treated tumor tissues, suggesting that the effect of HL156A on inhibition of tumor growth and the induction of apoptotic cell death is consistent with the antitumor activity of HL156A in vivo. In addition, AT84 cells (7 × 10^6^ cells per mouse) were injected s.c. into the left flank region of 3‐week‐old male C3H mice. HL156A (30 mg/kg) and metformin (100 mg/kg) were given orally every day throughout the duration of the experiment (3 weeks). We observed that tumor growth in HL156A‐ or metformin‐treated mice was not dramatically inhibited during the experimental period but relatively smaller tumor volumes were observed compared to control (Figure [S1](#cas13482-sup-0001){ref-type="supplementary-material"}).

![HL156A inhibits tumor growth in a mouse AT84 xenograft model. A,B, Inhibition of tumor growth. Mouse oral cancer AT84 cells (1 × 10^6^) treated with 20 μmol/L HL156A were injected s.c. into the left flanks of male C3H mice (n = 7 per group). Tumor growth was assessed by monitoring the mass volume 2 times a week. Bodyweight was monitored and plotted against time for the HL156A (closed squares) and control groups (closed circles). Tumor volume was measured at 20 days and calculated using the formula *V* = (*ab* ^2^)/2 where *a* was the largest diameter and *b* was the shortest diameter of the tumor. \*\**P* \< .01 compared to untreated control. C--E, Immunohistochemistry of tumor sections. Immunohistochemistry for phosphorylated insulin‐like growth factor (p‐IGF), phosphorylated mammalian target of rapamycin (p‐mTOR), AMP‐activated protein kinase (AMPK), proliferating cell nuclear antigen (PCNA) or TUNEL was carried out on paraffin‐embedded tumor sections. Graphs show the quantitative evaluation of the number of PCNA‐ or TUNEL‐positive cells](CAS-109-699-g007){#cas13482-fig-0007}

4. DISCUSSION {#cas13482-sec-0022}
=============

Previous studies suggest that metformin inhibits the proliferation and growth of various types of cancer.[3](#cas13482-bib-0003){ref-type="ref"}, [22](#cas13482-bib-0022){ref-type="ref"}, [23](#cas13482-bib-0023){ref-type="ref"}, [24](#cas13482-bib-0024){ref-type="ref"} In addition, metformin is also associated with decreased incidence of breast, liver, pancreatic, and colorectal cancers in diabetic patients.[6](#cas13482-bib-0006){ref-type="ref"}, [7](#cas13482-bib-0007){ref-type="ref"}, [11](#cas13482-bib-0011){ref-type="ref"}, [12](#cas13482-bib-0012){ref-type="ref"} However, the pathways that contribute to the anticancer effects of metformin have still not been elucidated. Currently, researchers want to know whether metformin or its derivatives may have additional uses in other diseases, including cancer.

Although metformin contributes to the anticancer effects, delivery of metformin to the tissue is limited. Specifically, metformin has limitations as an anticancer drug because its hydrophilic nature prevents it from entering cells.[25](#cas13482-bib-0025){ref-type="ref"} HL156A overcomes this shortcoming and shows generally high bioavailability. For example, the prominent survival benefit of in vivo combination treatment with HL156A may be attributable to the excellent penetration ability of HL156A.[16](#cas13482-bib-0016){ref-type="ref"} In addition, a number of studies have shown the specific effect of metformin on various human cancers. High concentrations of metformin (up to 10‐15 mmol/L) have been shown to inhibit proliferation of various human cancer cell lines such as lung cancer cells (up to 15 mmol/L), endometrial cancer cells (up to 10 mmol/L), hepatocellular carcinoma cells (up to 10 mmol/L), and head and neck squamous carcinoma cells (5‐20 mmol/L).[26](#cas13482-bib-0026){ref-type="ref"}, [27](#cas13482-bib-0027){ref-type="ref"}, [28](#cas13482-bib-0028){ref-type="ref"} HL156A exerted more potent inhibitory effects on the proliferation of glioblastoma cells than metformin. HL156A showed approximately 100‐fold more potent effects compared to metformin. In a glioblastoma xenograft model, HL156A showed a comparable degree of inhibitory effect on in vivo tumor growth at the 30 mg/kg dose to that of metformin at 100 mg/kg.[16](#cas13482-bib-0016){ref-type="ref"}, [29](#cas13482-bib-0029){ref-type="ref"} We also found that HL156A inhibits cell growth at lower concentrations (≤40 μmol/L) than metformin in oral squamous carcinoma cells.

In our study, we found that the new metformin derivative HL156A significantly reduced growth of human oral squamous cell carcinoma FaDu and YD‐10B cells. HL156A led to a reduction in colony formation in a dose‐dependent way. Moreover, the inhibitory properties of HL156A observed were markedly augmented when HL156A was used to treat oral cancer cells, even with a dose as low as 40 μmol/L. The cell cycle was inhibited at the G2/M phase in the HL156A‐treated cells that were analyzed. Consistent with these results, HL156A treatment led to a remarkable decrease in cyclin B and cyclin‐dependent kinase (CDK) 1 activity in FaDu and YD‐10B cells. In addition, expression of CDK4, CDK6, CDK2, cyclin A, and cyclin E protein was inhibited in HL156A‐treated cells (data not shown). These results suggest that the effects of HL156A on cell cycle progression were associated with inhibition of cell growth and cell death induction.

Interestingly, we first found that HL156A‐mediated apoptotic cell death was possibly associated with promotion of intracellular oxidative stress. Consistent with previous reports regarding the relationship between the anticancer potency of metformin and the generation of ROS,[30](#cas13482-bib-0030){ref-type="ref"} our results showed that treatment with HL156A led to a reduction in mitochondrial membrane potential as well as an increase in ROS production in a time‐ and dose‐dependent way. Furthermore, mitochondrial antioxidant proteins, such as SOD‐1, were also down‐regulated, but not the Nrf/Ho‐1 pathway. The imbalance between excessive ROS production and SOD‐1 depletion may cause oxidative stress for oral cancer cells. This, combined with the reduction in membrane potential, resulted in the release of pro‐apoptotic factors, such as cytochrome *c*, and the stimulation of caspases, which ultimately ends in apoptosis.[17](#cas13482-bib-0017){ref-type="ref"} Our study showed that HL156A gradually increased cell apoptosis, as evidenced by the increased activity of caspase‐3, ‐7, ‐9, and poly (ADP‐ribose) polymerase (PARP).

Another important point is that HL156A exerted more potent inhibitory effects on the migration of oral cancer cells than metformin. Wound healing assays and migration assays showed invasion and/or migration properties of HL156A. We also detected down‐regulation of MMP‐2 and MMP‐9 protein levels in a time‐dependent way following HL156A treatment. A previous study showed that anticancer drugs markedly suppressed migration and invasion in malignant cancer cells and HUVEC, and the effect was partially MMP‐dependent.[20](#cas13482-bib-0020){ref-type="ref"}, [21](#cas13482-bib-0021){ref-type="ref"}, [31](#cas13482-bib-0031){ref-type="ref"} Our results showed that HL156A is involved in the inhibition of FaDu and YD‐10B cell migration through their ability to breakdown the extracellular matrix, especially MMP‐2 and MMP‐9.

Recent studies showed that IGF‐1 activates two main downstream signaling pathways, the PI3K/AKT/mTOR and the Ras‐Raf‐MEK/ERK pathways.[32](#cas13482-bib-0032){ref-type="ref"} Activation of the PI3K/AKT/mTOR pathway is known to promote cell proliferation and cell cycle progression and to reduce apoptosis, which ultimately leads to a competitive growth advantage, metastatic competence, angiogenesis, and therapy resistance.[33](#cas13482-bib-0033){ref-type="ref"}, [34](#cas13482-bib-0034){ref-type="ref"} AKT can directly phosphorylate and activate mTOR. mTOR plays a major role in carcinogenesis, and activation of this pathway is associated with cancer progression.[34](#cas13482-bib-0034){ref-type="ref"} In the present study, HL156A was involved in mediating the antiproliferation effect through inhibiting the IGF/AKT/mTOR/p70S6K pathway in FaDu and YD‐10B cells. In addition, HL156A blocked phosphorylation of the AKT substrate glycogen synthase kinase 3b and ERK1/2. A previous study showed that suppression of AKT/ERK signaling resulted in apoptosis, indicating that the activation of AKT/ERK promoted survival under cellular stress.[35](#cas13482-bib-0035){ref-type="ref"} Collectively, these results strongly suggest that IGF/AKT/mTOR and AKT/ERK pathways play an important role in maintaining the viability of oral cancer cells. Our results show that the effects of HL156A were partially induced by inhibiting these pathways, IGF/AKT/mTOR and/or AKT/ERK.

Herein, we also found that HL156A importantly induced activation of AMPK by phosphorylation together with suppression of NF‐κB p65 in FaDu and YD‐10B cells. A number of studies have shown indirect suppression of AMPK on NF‐κB signaling by its downstream mediators, namely SIRT1, the Forkhead box O (FoxO) family, and peroxisome proliferator‐activated receptor γ co‐activator 1α (PGC‐1α).[36](#cas13482-bib-0036){ref-type="ref"} The HL156A‐mediated decrease in NF‐κB p65 phosphorylation may be accompanied by AMPK activation. These results may suggest a role for HL156A in inhibiting the activation of NF‐κB as well as in inhibition of the expression of proteins/cytokines that regulate inflammation. The importance of these signaling pathways in the pathogenesis of cancer development is suggested from a number of studies.

A recent study showed that HL156A in combination with the chemotherapeutic agent temozolomide (TMZ) inhibited the invasive properties of glioblastoma and increased the survival rate in a xenograft mouse model.[13](#cas13482-bib-0013){ref-type="ref"} In our study, consistent with this, HL156A significantly reduced the growth of mouse oral squamous cell carcinoma AT84 xenograft tumors. In the immunohistochemistry assay, the number of proliferative cells was dramatically decreased, whereas the number of apoptotic cells was considerably increased. Importantly, p‐IGF‐1 and p‐mTOR expression were weak in control group tissues compared with HL156A‐treated tumor tissues. In contrast, p‐AMPK expression was stronger in HL156A‐treated tumor tissues. Overall, our results showed that induction of apoptosis by HL156A may be associated with inhibition of cell proliferation through decreasing the mitochondrial membrane potential or IGF‐1/AKT/mTOR signaling or inducing AMPK signaling in FaDu and YD‐10B cells.

Collectively, the results of the present study suggest that HL156A may have the potential to arrest the progression of oral cancer through suppression of the IGF/AKT/mTOR pathway or MMP‐2 and MMP‐9 pathways. In addition, AMPK activity, at least in part, is also required for the above‐mentioned tumor suppression. In conclusion, the results clarify the beneficial effect of HL156A in reducing oral cancer development.
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